BACKGROUND: Lung transplantation (LTx) is frequently considered for patients with cystic fibrosis (CF) when the FEV 1 reaches < 30%. This study estimated transplant-free survival for patients with CF and an FEV 1 < 30% and identified predictors of death without LTx.
Cystic fibrosis (CF) is an autosomal recessive genetic disease that leads to dysfunction in multiple organ systems, including progressive respiratory failure, causing death in approximately 70% of patients. 1, 2 Lung transplantation (LTx) is an option for treating end-stage lung disease in CF, and the International Society for Heart and Lung Transplantation (ISHLT) recommends referral for LTx evaluation when a patient has a 2-year predicted survival of < 50%. 3 Referral for LTx evaluation is frequently considered in patients with CF once the FEV 1 is < 30% of the predicted normal value. 3 This guideline is based on data from a single-center CF cohort from Toronto (patients eligible [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] ) that documented 2-year survival falls to < 50% once the FEV 1 reaches < 30%; they also documented high 2-year mortality for patients with CF and hypoxemia or hypercarbia, older patients, and women. 4 In 1998, Milla et al 5 documented a median survival of 3.8 years among patients with CF and with an FEV 1 < 30% in a single-center cohort from Minneapolis that was eligible from 1975 to 1994.
Although LTx extends life for patients with CF and terminal lung disease, posttransplantation survival is limited by transplantation-related complications 2 ; median survival after LTx is 8.9 years for patients with CF. 6 Specifically focusing on patient survival prior to
LTx (transplant-free survival) captures the natural history of CF-related lung disease and can inform decisions about the timing of referral and listing for LTx. A single-center study of 276 patients with cohort eligibility between 1990 and 2003 in London revealed that an FEV 1 < 30% was associated with a median transplantation-free survival of 5.3 years. 7 Our hypothesis was that among patients with CF with an FEV 1 < 30% in the United States, median survival likely exceeds 2 years. Additionally, we sought to identify predictors of survival among patients with low lung function, which could potentially better identify those patients most suitable for referral for LTx evaluation and listing. We hypothesized that female sex, 4, [8] [9] [10] pulmonary exacerbation frequency, 9, 11, 12 low FEV 1 % predicted, 9, 12 low BMI, 4, 9 supplemental oxygen use, 4 and colonization with Burkholderia cepacia 9, 13 would be associated with worsened survival, based on literature in patients with CF with all ranges of lung function.
Methods
We performed a retrospective cohort study using the had not yet undergone LTx were included in the analyses based on a lung function cutoff of FEV 1 < 30% at cohort entry. Only lung function measurements recorded during "stable" encounters were considered for eligibility (e-Appendix 1). Patients were deemed lost to follow-up if their last encounter was more than 1 year prior to the end of the data set (December 31, 2013). Patient follow-up was censored at the encounter during which LTx was documented, at loss to follow-up, or at the end of the study. An indicator variable for LTx was created using data from two separate covariates in the CFFPR; date of LTx is assumed to be the encounter date when LTx status is updated (update to LTx status occurs at the patient's "annual visit"). Referral status was also determined from the annual indicator variable.
Our primary analysis was determination of median transplant-free survival, with censoring at the time of LTx, using Kaplan-Meier estimates of the survival function. We also determined the incidence rate of death prior to LTx and the median time to LTx for patients with an FEV 1 < 30%. Univariate Cox proportional hazard (PH) regression was first performed using a broad range of covariates that have a plausible association with mortality in CF (FEV 1 % predicted, continuous and 5% intervals; change in FEV 1 % predicted (absolute difference in maximum FEV 1 % predicted in the calendar year prior to eligibility, and the FEV 1 % predicted at cohort eligibility); calendar time (by year); age at entry; female sex; height; continuous BMI; BMI # 18; F508del genotype; pancreatic insufficiency; number of pulmonary exacerbations in the year prior to eligibility; categorized pulmonary exacerbations (0 vs $ 1); supplemental oxygen requirement-continuous, nocturnal or exertional; any supplemental oxygen requirement; B cepacia infection; CF-related diabetes in a patient receiving insulin; end-stage renal disease in a patient receiving dialysis; pneumothorax requiring a chest tube during the year prior to eligibility; hemoptysis during the year prior to eligibility; cirrhosis; osteoporosis; depression; Medicaid insurance; high school education; white race; and marital status [married, living together]). Missing values for microbiological covariates were recoded to absence of infection at that time point and missing values for noninvasive mechanical ventilation were recoded to absence of ventilation at that time point. A multivariable model was then constructed, adding covariates to the model if their univariate association with mortality had a P value < .10. All covariates were then included as a block of covariates in the final multivariable model regardless of significance. Tests for violation of PH assumption were performed with Schoenfeld residuals. 15 If the PH assumption failed, the covariate was either categorized (BMI modeled continuously violated the PH assumption and was therefore categorized to BMI # 18) or was modeled as strata (FEV 1 % predicted and calendar time) in the multivariate Cox PH regression. Time-varying effects were tested for FEV 1 % predicted using the tvc option of stcox in Stata (StataCorp LP).
Sensitivity analyses were performed to obtain median survival among patients with FEV 1 < 30% without censoring at LTx, FEV 1 < 30% among those who never underwent LTx during the period of observation, and FEV 1 < 30% among only those who subsequently underwent LTx during the period of data collection. Additional sensitivity analyses were performed using two more severe FEV 1 journal.publications.chestnet.org cut points during stable clinical encounters (not marked as pulmonary exacerbation or hospitalization): (1) FEV 1 < 30% during 2 consecutive years and (2) FEV 1 < 25% once. Survival analysis using Kaplan-Meier estimates was performed to obtain transplant-free median survival in these additional cohorts with more severe lung disease. Additionally, median survival was estimated for patients stratified by covariates that were significant in the multivariate Cox regression model. Finally, a sensitivity analysis was performed to identify the number of pulmonary exacerbations per year during the year prior to reaching an FEV 1 < 30%, which is associated with a clinically significant shortened median survival.
Results
The analysis included 3,340 patients with an FEV 1 < 30% who had not yet undergone LTx. The average age of patients meeting eligibility was 33.2 years ( Table 1 ). The cohort was predominantly white, with > 80% having graduated from high school and 38% being married. Thirty-five percent required supplemental oxygen (continuously or at night) at the time of eligibility.
Of the 3,340 patients in the analysis, 1,250 (37.4%) later died without having undergone LTx, 951 (28.5%) underwent LTx, 918 (27.5%) remained alive without LTx at the end of follow-up, and 221 (6.6%) were lost to follow-up (e- Fig 1) . Median transplant-free survival after an FEV 1 < 30% was 6.6 years (95% CI, 5.9-7.0), and median time to transplantation for patients who did not die was 8.3 years (95% CI, 7.6-8.9) after an FEV 1 < 30% (Figs 1, 2). The incidence rate of death among patients with FEV 1 < 30% predicted was 109.5 per 1,000 person-years. Of the 1,810 patients referred for LTx evaluation, 485 (26.8%) died without having undergone LTx (e- Fig 2) . Of the 1,250 patients who died, 765 (61.2%) were not referred for LTx evaluation according to CFFPR records.
Sensitivity analyses revealed a median survival of 6.7 years (95% CI, 6.4-7.1 years) for patients with an FEV 1 < 30% when there was no censoring at LTx, which is almost exactly the same as the estimate from the model with censoring at LTx ( Table 2) . When patients were excluded if they eventually underwent LTx, median transplant-free survival decreased and when patients were considered only if they eventually underwent LTx, median transplant-free survival increased markedly (Table 2 ). Further sensitivity analyses showed a median survival of > 5 years for patients with 2 consecutive years of an FEV 1 < 30% predicted and a median survival of nearly 5 years for patients with an FEV 1 < 25% predicted at cohort entry.
Univariate Cox PH analysis revealed a significant association of nearly all the tested covariates with transplant-free survival (Table 3 ). There was evidence of a time-varying effect of FEV 1 % predicted on survival (P < .001), and calendar time also violated the PH assumption; therefore, multivariable analyses were stratified by FEV 1 (in 5% increments) and calendar time. After adjustment for confounding using multivariable Cox PH regression stratified by calendar time and FEV 1 , several predictors of death without LTx were identified ( Table 4 ). The strongest adjusted predictors of death included supplemental oxygen use (HR, 2.1; 95% CI, 1.7-2.6), and B cepacia infection (HR, 1.8; 95% CI, 1.3-2.6). Importantly, patients with a BMI # 18, female sex, and CF-related diabetes receiving insulin were also at an increased risk of death. Genotype information is likely an indirect proxy for calendar time in this cohort, because > 75% of nongenotyped patients entered the cohort by 2007. The number of pulmonary exacerbations per year in the year prior to reaching an FEV 1 < 30% was also associated with the risk of death; patients with one or more exacerbations per year were at a 70% increased risk of death (HR, 1.7; 95% CI, 1.3-2.2) when compared with patients with no pulmonary exacerbations. In a sensitivity analysis, we evaluated the adjusted risk of death and median survival for an increasing number of pulmonary exacerbations and identified five exacerbations or more per year (compared with 0-4 exacerbations) to be associated with 2-year median survival (e- Table 1 ).
Median survival estimates for patients stratified by sex revealed a significant survival gap among patients with an FEV 1 < 30% predicted (Table 5) ; stratification by other significant covariates also demonstrated differences among patients with low BMI, supplemental oxygen requirement, B cepacia complex in sputum culture, and CF-related diabetes in patients receiving insulin.
Discussion
In this nationwide US cohort of patients with CF during 2003 to 2013, median transplant-free survival after the development of advanced lung disease with an FEV 1 < 30% was 6.6 years. Although this level of survival is greater than that seen in earlier years in similar persons with CF, there remains about a 10% per year probability of death once the FEV 1 has fallen to < 30%. As shown in Figure 2 , the annual risk of death does not seem to decline much over time. Although lung transplantation in these patients can provide the potential for improved survival, this procedure entails its own risks. Furthermore, patients and families may experience emotional and financial stress during LTx evaluation or listing for transplantation. The evaluation for LTx involves assessing a patient's indication for transplantation, identifying potential contraindications or barriers to transplantation (through procedures that carry the risk of complications), and providing the patient/family with information about the LTx process. 16 an increased number of pulmonary exacerbations, 9,11,12 B cepacia infection, 9,13 and female sex, 4, [8] [9] [10] 17 and our study confirms these earlier findings in a careful examination of the subgroup with very severe lung disease. Our study did not identify a change in FEV 1 % predicted as a significant predictor of transplant-free survival (as has been previously documented). 5 It is possible that among this group of patients with very severely reduced FEV 1 , the absolute change in FEV 1 % predicted during the 1 year prior to reaching an FEV 1 < 30% may not be the right tool for identifying the patients who are most likely to die without transplantation. Although predicting death for an individual patient is notoriously difficult to do, 9,12 our sensitivity analyses evaluating median survival among specific cohorts with low lung function highlight the persistent sex gap in survival in more recent years, the high mortality associated with a supplemental oxygen requirement and BMI # 18, and the dismal prognosis for patients with B cepacia infection; importantly, despite the increased risk of death, the lower limit of the 95% CI for median survival is > 2 years for all cohorts. Additionally, we show that patients who have reached the threshold of FEV 1 < 30% and have five or more pulmonary exacerbations per year have a median survival of 2 years, CF who will potentially undergo LTx. To answer the question regarding the timing of LTx referral, transplant-free survival with censoring at the time of LTx most closely estimates the amount of time a patient is expected to live with advanced lung disease without LTx. In analyses not censored at LTx, survival estimates cannot help with decisions about the timing of LTx referral; analyses that include post-LTx survival data add to our understanding of overall life expectancy when LTx is included with all other available treatment options. 18 Excluding from analysis all patients who will eventually undergo LTx 7 induces selection bias, because there is an inherent difference in patients who do not undergo transplantation when compared with the general population of patients with CF. Additionally, when making clinical decisions for an individual patient at the time when their FEV 1 reaches < 30% predicted, there is no way to know if the individual will never undergo transplantation unless an absolute contraindication exists or they do not desire transplantation. To illustrate the bias of excluding individuals who will undergo LTx, we included only the patients who eventually underwent LTx (those not included in the prior analysis) and demonstrated a longer survival time because of the immortal time bias that exists, because these patients necessarily live long enough to get to LTx and must be good candidates to undergo LTx; the immortal time bias is also present in the estimate of time to LTx for patients who did not die.
Limitations
This study has important limitations. First, although the CFFPR captures data on a large number of variables for most patients with CF in the United States, our study is limited to the variables included in the database. Unfortunately, certain variables of clinical and scientific interest (eg, the presence of pulmonary hypertension, PaO 2 /PaCO 2 , or an indicator for nonadherence) are not captured in the registry. B cenocepacia is the only known genomovar associated with increased mortality, 13 but the species were not differentiated in the CFFPR until 2010, and our study necessarily combines all species in the B cepacia complex. Additionally, there is a risk of misclassification of patients if physicians do not assess disease severity or comorbidities (eg, supplemental oxygen requirement or the presence of diabetes) or if data are not accurately entered into the database. Also, there is some degree of missingness in the database, as documented in Table 1 (specifically for sputum culture results and the noninvasive mechanical ventilation covariate; noninvasive ventilation data were missing for almost 60% of patients and could not be included in analyses), which could also lead to misclassification. Second, we assessed covariates only at cohort entry, which limits their interpretation in a population with extended survival. Third, there is some difficulty with capturing death in the CFFPR if a patient is post-LTx. Loss to follow-up is approximately 2% per year for all patients in the CFFPR but approaches 7% for patients who have undergone LTx. Such losses to follow-up likely represent informative censoring. Additionally, time-tofailure models (including Kaplan-Meier estimates of survival) are based on the assumption of uninformative censoring at the time of LTx, but it is clear that patients who undergo LTx are not similar to those who remain in the cohort. Fourth, there could be an element of selection bias in our cohort, because the exclusion of patients who reach an FEV 1 < 30% only during exacerbations could lead to the exclusion of patients who died or underwent LTx prior to a "stable" FEV 1 < 30%; such patients likely represent a minority but are important to acknowledge when considering generalizability of these results. Finally, the current model applies only to those who had not yet undergone transplantation at the time of cohort entry, and it should be noted that LTx and death are competing risks in this a At the end of study follow-up, only 39.6% of eligible patients had died; analysis is not censored at transplantation; 5-year survival is 82.3% (79.6%-84.8%), and 10-year survival is 60.4% (56.2%-64.3%).
journal.publications.chestnet.org Noninvasive mechanical ventilation and smoking status were missing in > 50% of observations; missing values were imputed with "0," which assumes a lack of ventilation and a lack of smoking, respectively, if it is not documented; these variables were not included in multivariate analyses due to high proportion missing data. 
Conclusions
The current study demonstrates a median survival > 6.5 years for patients with CF and an FEV 1 < 30%, exceeding prior survival estimates. There is a substantial proportion of patients with CF and an FEV 1 < 30% who die without LTx, a majority of whom die without referral for evaluation. The strongest predictors of death in this cohort with low lung function included supplemental oxygen use, the presence of B cepacia complex infection, increased frequency of exacerbations, a BMI # 18, and female sex. This study highlights the heterogeneity among patients with an FEV 1 < 30%, with some patients dying soon after reaching this threshold and others living many years. For this reason, we conclude that an FEV 1 < 30% remains an important marker of disease severity for patients with CF and is a reasonable time to consider referral for LTx, and patients with identified risk factors for death should have prompt referral for LTx evaluation with serious consideration for listing.
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